Clostridium perfringens, a spore-forming, Gram-positive, anaerobic bacterium, causes a variety of diseases throughout the animal kingdom. Each disease in each animal species tends to be caused by particular strains of C. perfringens and is defined by the tissue tropism and toxin profile of the bacteria. In chickens toxinotype A strains cause necrotic enteritis; a disease characterised by tissue damage to the proximal regions of the small intestine. In extreme cases the disease can be lethal but is more commonly seen as a subclinical disease that causes welfare issues and productivity losses within the poultry industry. The disease is currently well controlled in Australia by good management practices and, for some poultry producers, the use of antibiotics in the feed. However, the disease does cause significant issues in other regions including North America and Europe. In Europe there was a spike of necrotic enteritis disease when antibiotics were withdrawn from animal feeds. It is probable that the disease will become more of an issue in the Australian poultry industry as in-feed antibiotic use is reduced. Therefore, other methods of disease control are under investigation, including the development of vaccines.
Necrotic enteritis (Figure 1 ) has been estimated to cost the global poultry industry $2 billion per annum in control measures and productivity losses 1 . Although C. perfringens is clearly the causative agent of necrotic enteritis a simple infection with the bacterium is not sufficient to induce disease. C. perfringens is a ubiquitous organism commonly found in many environments, in particular within the gastrointestinal tract (GIT) of healthy animals and humans. At low levels it causes no problems in the GIT; it is only in the face of predisposing factors that disease occurs. There are many interacting factors which can predispose birds to the development of necrotic enteritis. They can be broadly classified according to the effects that they have on the birds; they can directly damage the intestinal mucosa (e.g. infection with the Eimeria apicomplexan parasite), alter the gut microbiota (e.g. high protein levels in feed 2 ), or compromise the immune system (e.g. some viral infections). It is only following the development of a better understanding of these predisposing factors, and the application of some of them, that it has been possible to reliably induce disease experimentally. The difficulty of consistently reproducing disease held back research for a number of years but has now been largely overcome.
The generally held conceptual model for disease development hypothesised that the predisposing factors induced an expansion of the C. perfringens population in the gut resulting in higher toxin levels, gut damage, and frank disease. However, recent studies have indicated that the C. perfringens strains that are commonly present in low numbers within the healthy gut are generally distinct from the strains that can go on to cause disease 3, 4 . The origin of pathogenic strains has not yet been clarified and the mechanisms driving displacement of non-pathogenic strains by pathogenic strains are not clear but may be partly driven by bacteriocin expression by the pathogenic strains 5 . So, although C. perfringens population expansion is a critical part of disease development, it appears that nonpathogenic native strains are displaced by virulent strains. Many of the toxins that play key roles in disease development are encoded on large conjugative plasmids that have the potential to move from strain to strain 6 ; this may be an important factor in the emergence and epidemiology of disease causing strains. A range of potential therapeutic and prophylactic treatments are being actively developed to address the necrotic enteritis disease burden within the global poultry industry. These include the application of prebiotics 7 , probiotics 8 , organic acids 9 , and plant extracts 10 as well as vaccines. Vaccines against other animal clostridial diseases have been available for many years. Such vaccines are produced using toxoids; chemically inactivated culture supernatants containing the disease causing toxins and a range of other minor antigens. They are cheap to produce and very effective. However, satisfactory vaccines to protect poultry from necrotic enteritis have not been commercially available.
The toxins produced by C. perfringens are excellent vaccine antigens because they are the major virulence factors responsible for disease induction and, as secreted proteins, are readily accessible to the host immune system. For decades after the definitive description of necrotic enteritis by Parish 11 it was thought that alpha-toxin, a toxin produced by all isolates of C. perfringens, was the main virulence determinant. However, in 2006, we demonstrated that alpha-toxin was not essential for experimental disease induction 12 and then went on to discover and characterise the toxin, necrotic enteritis toxin B-like (NetB), that does play an essential role in virulence 13, 14 .
The belief that alpha-toxin was important in disease misdirected vaccine efforts for many years but the recent advances made in our fundamental understanding of the basis of pathogenesis is now enabling the development of effective vaccines [15] [16] [17] . The key to successful vaccine design has been to ensure that there is a sufficient level of the key NetB protein to elicit a strong protective immune response. With efficacious experimental vaccines demonstrated the challenge for the industry now is to be able to formulate and deliver the vaccines in a cost effective and useful way. The broiler (meat) chicken industry presents interesting challenges for vaccine application as vaccines must be provided at very low cost and must be effective in very young birds -for instance the peak risk of developing necrotic enteritis is between 2 to 4 weeks of age. We are continuing to address industry needs by investigating the use of both conventional killed vaccines and live vector delivered vaccines for necrotic enteritis.
